doi: 10.1292/jvms. feces. The viruses are maintained by fecal/oral transmission, especially in breeding grounds, such as Alaska, Canada and Siberia [6, 7, 19, 35, 38] . Influenza A virus of avian origin is usually referred to as avian influenza virus (AIV).
AIVs can also be categorized based on their pathogenicity in chickens. The World Organization for Animal Health (OIE) has adopted the following criteria for establishing high pathogenicity: any influenza A virus that is lethal in six to eight of eight 4-to-8-week-old susceptible chickens within 10 days following intravenous inoculation with 0.2 ml of a 1/10 dilution of bacteria-free, infective allantoic fluid [18] is deemed a highly pathogenic avian influenza virus (HPAIV). The primary subtypes of HPAIV are H5 and H7 [38] . Although virus pathogenicity is determined by its pathogenicity to chickens, HPAIVs show high pathogenicity for wild birds. For example, a mass mortality event caused by HPAIV subtype H5N1 occurred at Qinghai Lake in Qinghai province, China, in 2005. Over a thousand wild birds, including Bar-headed geese (Anser indicus), Great cormorants (Phalacrocorax carbo), Great black-headed gulls (Larus ichthyaetus) and Brown-headed gulls (Larus brunnicephalus), were reported dead [9] . In Japan, HPAIV has been isolated from wild birds, such as the Large-billed crow (Corvus macrorhynchos; nine individuals, H5N1), in 2004 [29] ; Mountain hawk-eagle (Nisaetus nipalensis; one individual, H5N1), in 2007 [27] ; and Whooper swan (Cygnus cygnus; five individuals, H5N1), in 2008 [33] . HPAIV subtype H5N1 was isolated from 63 wild birds during the 2010-2011 winter season [25] , and subtype H5N8 was isolated from eight wild birds in 2014-2015 [21] . These HPAIV-infected wild birds included species listed in the Red Data Book of Japan including the Mountain hawk-eagle (Nisaetus nipalensis; Endangered [EN]), Peregrine falcon (Falco peregrine; Vulnerable [VU]), White-naped crane (Grus vipio; VU) and Hooded crane (Grus monacha; VU) [13] . HPAIVs may be increasing the extinction risk of endangered Japanese species. Therefore, HPAIV is a threat not only to poultry farming but also to biodiversity in Japan.
Nationwide surveillance of AIV in migratory birds using fecal samples has been conducted in Japan since 2008 as a precautionary measure against HPAIV introduction into Japan. The main target species were dabbling ducks, because experimental HPAIV infection data using dabbling duck species have demonstrated that although infection does not result in clinical signs in these species, HPAIV is shed. For example, three Mallards and three Northern pintails were intranasally infected with A/Whooper Swan/Mongolia/244/05 (H5N1); whereas none of the birds showed clinical signs or mortality, viruses were isolated from oral and cloacal swabs [1] .
The results of the nationwide surveillance of AIV in migratory birds using fecal samples were utilized for constructing a potential AIV risk map [17] . The potential risk map indicated high-risk areas for isolation of AIV from wild birds. The risk map showed that the most effective predictor of high-risk areas was the presence of populations of dabbling ducks. In addition, the potential risk map can be used as an HPAIV precautionary measure, because the locations of HPAIV-positive cases in wild birds and poultry coincided with the predicted high-risk areas of the potential risk map [17] . Thus, even AIV positivity data from fecal samples can be used to indicate high-risk areas for HPAIV occurrence in wild birds and poultry. However, the potential risk map could not identify the risk period for virus introduction in each high-risk area or which dabbling duck species serves as the main viral reservoir. If the host dabbling duck species for AIV-positive fecal samples were identified, it would be possible to update the potential risk because nationwide annual census data for dabbling ducks are available [11] , and the census data can be used for obtaining detailed migration pattern of the identified host dabbling duck species.
Thus, the objective of the present study was to determine the temporal pattern of AIV introduction by migratory birds and which migratory birds play an important role in introducing the virus into Japan, with the purpose of gaining a better understanding of the ecology of AIV in Japan. This information may contribute to the present understanding of the introduction patterns of HPAIV into Japan.
MATERIALS AND METHODS

Fecal sample collection
Migratory bird fecal samples, mainly from dabbling duck species, were collected at 52 sites ( Fig. 1) determined by the Ministry of Environment, Japan [15] . The 52 sites were divided into two groups: sampling group A (27 sites) and sampling group B (25 sites). Fecal sampling was conducted once every two months during the migration season (October to May) in 2008-2015 following a sampling schedule (Table 1 ) to obtain monthly nationwide fecal samples. No fecal samples were collected from June to September. Up to five fecal material samples were pooled in a 15 ml tube, which was then counted as one fecal sample.
Total nucleic acid extraction
Feces were diluted with an equal amount of phosphate-buffered saline (PBS) to prepare a ~50% fecal suspension. Total nucleic acids (including host genomic DNA and viral RNA) were extracted from the fecal suspension, using the Ambion Mag MAX-96 AI/ ND Viral RNA Isolation Kit (Life Technologies, Carlsbad, CA, U.S.A.) or the EZ1 Virus Mini Kit v2.0 (Qiagen, Hilden, Germany). For the Mag MAX-96 AI/ND Viral RNA Isolation Kit, following overnight stationary incubation to obtain a supernatant, 50 µl of fecal suspension supernatant was used to extract total nucleic acids according to the manufacturer's instructions. For the EZ1 Virus Mini Kit v2.0, 250 µl of the fecal suspension was mixed with 750 µl of QIAzol lysis reagent (Qiagen). The solution was then mixed with 200 µl of chloroform by vortexing. Subsequent to centrifugation at 12,000 ×g, 15 min, 4°C, 400 µl of the supernatant was used to extract total nucleic acids according to the manufacturer's instructions. DNA concentration was measured using a Qubit 3.0 Fluorometer (Life Technologies) and the Qubit dsDNA HS Assay Kit (Life Technologies) to confirm that the two types of total nucleic acid solutions were used as the DNA template for identification of host avian species. Concentrations of 0.5 ng/µl and 1.1 ng/ µl were obtained using the Mag MAX-96 AI/ND Viral RNA Isolation Kit and EZ1 Virus Mini Kit v2.0 solutions, respectively. 
AIV gene detection by RT-LAMP
Total nucleic acid extracts were subjected to reverse transcription loop-mediated isothermal amplification (RT-LAMP) (Eiken Chemical Co., Ltd., Tokyo, Japan) to detect viral RNA. RT-LAMP has been previously applied to detect AIV in the fecal material of migratory birds [26, 39] ; the reported detection limit of RT-LAMP for fecal material is 10 2.5 copies [39] . For samples from 2008 and 2009, 5 µl of extracted total nucleic acids, the Loopamp RNA Amplification Kit (Eiken Chemical Co., Ltd.) and the primer set provided by Eiken Chemical Co., Ltd. were used for the RT-LAMP reaction following the manufacturer's instructions. For samples from 2010 to 2015, 5 µl of extracted total nucleic acid and the Loopamp AIV detection kit (Eiken Chemical Co., Ltd.) were used. A LA-320C Loopamp Real-time turbidimeter (Eiken Chemical Co., Ltd.) was used for the RT-LAMP reaction. The threshold value for viral RNA detection was set at 0.05. Virus isolation from RT-LAMP positive samples was conducted at reference laboratories designated by the Ministry of Environment.
Comparison of AIV prevalence by annual migratory season
AIV prevalence was defined as the ratio of RT-LAMP-positive samples to the total fecal samples, expressed as a percentage. . The annual migratory season (October to May) was divided into three terms: October-November, December-February and March-May, in accordance with migration patterns in Japan. October-November is the period of autumn migration, DecemberFebruary is the period of wintering, and March-May is the period of spring migration. The prevalence was calculated for each of the three terms. Autumn migration prevalence was calculated using the data from 2008-2014. Wintering and spring migration prevalence was calculated using the data from 2008-2015. Chi-squared analyses with pairwise comparisons with Bonferroni corrections were performed to evaluate differences in RT-LAMP positive proportion according to annual migratory seasons and terms (significance was set at P<0.05). R version 3.3.2 was used for analysis [22] .
Comparison of AIV prevalence by geographic area
Fifty two sampling sites were divided into nine geographic areas using criteria adopted by the Japan Meteorological Agency with minor modifications to detect differences in the temporal change of AIV prevalence by geographic area. The nine geographic areas were as follows: Hokkaido, Tohoku, Kanto/Koshin, Hokuriku, Tokai, Kinki, Chugoku, Shikoku and Kyushu (Fig. 1) . The Kyushu area of the present study was the combined area of Kyushu (North), Kyushu (South) and Okinawa used by the Japan Meteorological Agency. AIV prevalence was defined as mentioned above. The prevalence in each geographic area was calculated for each of the three terms (autumn migration, wintering and spring migration).
DNA barcoding for host-species identification
Identification of bird species with virus-positive feces was conducted using DNA barcodes based on the mitochondrial DNA (mtDNA) COI gene sequence [4] . Nested PCR was performed to increase sensitivity using two primer sets: BirdF1 5′-TTCTCCAACCACAAAGACATTGGCAC-3′ and BirdR1 5′-ACGTGGGAGATAATTCCAAATCCTG-3′ were used for the first round of PCR [4] , and Bird (HRM)-F 5′-CACGAATAAACAACATAAGCTTCTG-3′ and Bird (HRM)-R2 5′-GAATGTGGTGTTTAGGTTTCGGTC-3′ were used for the second round of PCR. Following the second round of PCR, the PCR product size was verified by electrophoresis on 2% agarose gel stained with Midori Green (Nippon Genetics, Tokyo, Japan). The resulting PCR products were purified with the QIAquick PCR Purification Kit (Qiagen) and sequenced using the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems) and the 3130 Genetic Analyzer (Applied Biosystems) following the manufacturer's instructions. The sequences were analyzed by Nucleotide BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) for species identification. However, it should be noted that the Mallard and Eastern Spot-billed duck cannot be differentiated based on mtDNA COI gene sequence because the two species share the same sequence [8, 24] . Hence, if the BLAST search results indicated that the most similar sequence was derived from Mallard or Eastern Spot-billed duck, the result was categorized as "Mallard/Eastern Spot-billed duck group".
RESULTS
Fecal sampling and AIV prevalence
A total of 1,223 fecal sampling events were conducted throughout the present study period; 19,407 fecal samples were collected, and the total number of RT-LAMP positive samples was 352 (the prevalence of the research period was 1.8% [352/19,407]). The overall results by each annual migratory season are shown in Table 2 . The AIV prevalence range was 1.4-2.2%, and there were no significant differences in AIV prevalence by annual migratory season (P=0.4108). Virus isolation from RT-LAMP positive samples by egg inoculation was conducted in reference laboratories. Virus isolation was successful in 153 positive samples (43.4%, 153/352), and no HPAIVs were isolated [12, 14, 16] . In addition, cDNA was synthesized from the total nucleic acid extracts of the RT-LAMP positive samples. The isolated AIV and cDNA were cryopreserved for further research. Figure 2 shows the overall temporal change in AIV prevalence by term from October 2008 to May 2015. The highest prevalence was observed in October-November (autumn migration, 2.8-4.3%) every annual migratory season, followed by a sharp decrease. A similar temporal change pattern was repeated throughout the study period (from October 2008 to May 2015).
The overall results for each term are shown in Table 3 . AIV prevalence was 3.5% (204/5,816), 1.3% (121/9,066) and 0.6% (27/4,525) during autumn migration, wintering and spring migration, respectively (Table 3 ). Significant differences in AIV prevalence were observed between autumn migration and wintering, autumn migration and spring migration, and wintering and spring migration (P<0.01).
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The overall results for each geographic area are shown in Table 3 . During autumn migration, the Tokai, Hokuriku, Chugoku and Kyushu areas had a higher prevalence than the overall prevalence in autumn migration (3.5%). During wintering, the Hokuriku, Kanto/Koshin, Hokkaido and Kyushu areas had a prevalence equal to or higher than the overall prevalence in wintering (1.3%). During spring migration, the Tokai, Hokuriku, Tohoku and Kyushu areas had a prevalence higher than the overall prevalence in spring migration (0.6%).
Species identification by DNA barcoding
DNA barcoding was applied to the RT-LAMP positive samples. Species identification was successful in 221 samples, but failed in 131 samples because of the lack of available sample for species identification, no PCR amplification or unclear sequence data. The breakdown of the identified avian species is as follows: Mallard/Eastern Spot-billed duck group, 115 samples (52.0%); Northern pintail, 61 samples (27.6%); Teal, 26 samples (11.8%); Eurasian wigeon, 15 samples (6.8%), and other species, 4 samples (1.8%, Commons shoveler (Anas clypeata) one sample; Common pochard (Aythya ferina), one sample; Large-billed crow (Corvus macrorhynchos), one sample; and Carrion crow (C. corone), one sample) ( Table 2) . 
DISCUSSION
The present study illustrates the nationwide prevalence of AIV in migratory birds during wintering in Japan. The results of the present study show 1.4-2.2% AIV prevalence depending on annual migratory season and that the overall prevalence during the research period (from 2008 to 2015) was 1.8%. AIV prevalence was highest in October-December (the period of autumn migration) and then decreased significantly. The same pattern of temporal change in AIV prevalence was observed every year, although HPAIVs were isolated from wild birds in the annual migratory season of October 2010-May 2011 and October 2014-May 2015 [21, 25] . A similar phenomenon was observed in the Pacific Flyway, the migration route from breeding grounds in Alaska to wintering grounds in California and Mexico [5] . This phenomenon in the Pacific Flyway can be explained by immune system development and limited transmission in the wintering ground [5, 20, 35] ; the underdeveloped immune system of hatch-year birds is not able to limit AIV infection. Thus, hatch-year birds are infected with the virus at the breeding grounds and then carry the virus to the wintering grounds. The bird immune system then develops and becomes resistant to infection during wintering [5] . The sharp decrease in AIV prevalence in Japan may be caused by a similar reason. To confirm this, it will be necessary to conduct live-bird trapping or sampling of hunted birds to evaluate AIV prevalence in hatch-year birds. Age estimation can be conducted during live bird trapping or sampling of hunted birds.
There are four main migratory routes into Japan
Through the Kamchatka Peninsula-Kuril Islands, through Sakhalin, crossing the Sea of Japan and through the Korean Peninsula (Fig. 1) [37] . However, the AIV introduction route and whether a single route or multiple routes are used are unknown. The results of the present study suggest that AIV is introduced into Japan through all four routes because the highest prevalence was observed in autumn migration in most of the geographic areas and then the prevalence decreased. During autumn migration, the geographic areas showing a prevalence equal to or higher than 3.5% (the overall prevalence of autumn migration) were located in the central to southern parts of Japan, i.e., Hokuriku (6.3%), Tokai (6.8%), Chugoku (4.2%) and Kyushu (4.1%). The reasons for this finding are unclear. One possible reason is that dabbling ducks, which have been reported as the most effective predictor for areas at high risk for AIV, could mainly migrate into Japan by crossing the Sea of Japan and through the Korean Peninsula. The geographic areas showing a prevalence equal to or higher than the overall prevalence appear to change from southern Japan to northern Japan. This could be related to the movement of dabbling ducks prior to spring migration. According to satellite-tracking data on Mallards, the ducks from southern Japan travel northward and cross the Sea of Japan [36] . Thus, it might be possible that AIV also moves from south to north with the ducks. However, further data accumulation from satellite tracking and bird banding and data exchange with neighboring countries are necessary to understand AIV entry into Japan and AIV movement in Japan. 
Surveillance using fecal samples has a number of advantages
Handling and capture of birds is not required, a large number of samples can be collected rapidly and easily, and virus isolation techniques from fecal samples are well-established [34] . However, fresh samples (1-4 days following evacuation) are necessary to isolate viruses, if egg inoculation is used [34] . In the present study, AIV isolation by egg inoculation and subtyping was successful in 153 RT-LAMP-positive fecal samples out of 352 RT-LAMP-positive samples. In contrast, AIV isolation by egg inoculation and subtyping failed in 199 RT-LAMP-positive fecal samples. It might be possible to subtype the remaining 199 RT-LAMP-positive fecal samples by molecular-based methods (RT-PCR and DNA sequencing). Therefore, we recommend adding molecular-based methods in the future for subtyping in fecal samples in which AIV isolation fails, to increase the efficacy of the present surveillance system [ Fig. 3 ], as it might be possible to detect HPAIV sequences from fecal samples in which AIV isolation failed. In fact, another research group reported the isolation of HPAIV (H5N1) from duck fecal samples in 2010 in Japan [25] .
A previously reported potential AIV risk map showed that the most effective predictor of AIV high-risk areas was the presence of populations of dabbling ducks [17] . There are five common dabbling duck species wintering in Japan, namely, Mallard, Eastern spotbilled duck, Northern pintail, Teal and Eurasian wigeon [10] . The DNA barcoding results of the present study showed that CO1 gene sequences of six types of dabbling duck species were present in the RT-LAMP-positive fecal samples, including two major CO1 gene sequences: the Mallard/Eastern Spot-billed duck group (52.0%, 115/221) and the Northern pintail (27.6%, 61/221). Considering the reported common dabbling duck species wintering in Japan, the Mallard, Eastern spot-billed duck and Northern pintail might play an important role in introducing AIV into Japan and could be priority species for fecal sampling. However, further studies are necessary to decide the priority species for fecal sampling. The DNA barcoding method applied in the present study cannot distinguish between Mallard and Eastern Spot-billed duck, because the two species have the same CO1 gene sequence; therefore, these 115 sequences were categorized as the Mallard/Eastern Spot-billed duck group. We were unable to estimate the prevalence of each dabbling duck species in the present study, because host species information was not available for all collected fecal samples. Several sampling options exist for evaluating the prevalence according to species, such as live bird trapping or sampling of hunted birds [5, 30] . Although it might be difficult to conduct live-bird trapping on a regular basis (ideally a monthly basis) throughout Japan during the winter, sampling of hunted birds for surveillance might be relatively applicable for greater coverage of Japan.
In conclusion, we demonstrate that AIV prevalence decreases significantly from the autumn migration period to the spring migration period and that the same temporal change pattern of AIV prevalence is repeated every year in Japan. Multiple AIV introduction routes were confirmed, and crossing of the Sea of Japan and entry through the Korean Peninsula might be the main routes. In addition, Mallards, Eastern Spot-billed ducks and Northern pintails might play an important role in introducing AIV into Japan; these three species could be the main target species for AIV surveillance in Japan.
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